The diffusion coefBcient for quadrupolar shape changes is derived in a model based on the mixing of static Hartree-Fock configurations by the residual interaction. The model correctly predicts the width of single-particle configurations. %'e find a diffusion rate depending on temperature as T, consistent with at least one other theoretical estimate. However, our diffusion rate is an order of magnitude lower than two values extracted from data. PACS number(s): 21.60.Cs, 21.10.Gv
I. INTRODUCTION
How fast does a highly excited nucleus change its shape7 This question is important for the understanding of nuclear reactions of various kinds, including fission and the emission of statistical photons in the giant dipole region. It appears that highly excited nuclei have a hindrance in their fission decay due to the shape dynamics [1, 2] . Also, the statistical giant dipole photons should have a spectrum reflecting the range of nuclear shapes present in the ensemble, provided that shape changes take place slowly; if the changes are rapid, the width of the giant dipole is decreased by the mechanism of motional narrowing [3, 4] .
Given this motivation, it is of interest to understand the theory of shape dynamics and calculate from basic interactions the parameters of the theory. Much work has been done on this subject -we can only allude to it. Among the attempts to construct a theory, there has been significant work based on linear response theory [5, 6], based on damped diabatic motion [7] , and based on perturbation theory with respect to adiabatic motion [8] .
In general, other workers have focused on the calculation of friction in a dynamical equation for the collective motion. A diffusion rate can then be deduced from the Einstein relation.
Our point of view here is quite different. We shall avoid completely a discussion of friction or collective motion, and concentrate exclusively on the diffusion in the nuclear shape degree of freedom. Our basic assumptionone certainly open to question -is that the highly excited nucleus can be described as an incoherent mixture of Hartree-Fock configurations at a given energy. We thus ignore single-particle motion, which can only come in indirectly through the changes in the single-particle wave functions in different Hartree-Fock configurations.
The assumption of incoherence requires high excitation energy because the pairing interaction induces strong coherence between configurations near the ground state.
More problematic is our assumption that self-consistent Hartree-Fock configurations exist at high excitation. We shall work in a restricted model space, the Nilsson model, where this is true, but in an unrestricted space our assumption may not be valid.
Since we assume a basis of static Hartree-Fock solu- tions, the dynamics comes entirely from the residual interaction. This means that only matrix elements changing the orbit of two particles simultaneously are relevant.
Matrix elements between configurations with only one particle orbit changed are zero by the Hartree-Fock condition. The rate at which a state i is depopulated may be calculated from Fermi's "golden rule" if the level density is high enough. This reads F = h ). [('[ -.a.vlf)I' b(&g -E*), (1) "f where the sum is over Hartree-Fock states f differing by the orbital assignment of two particles. Each HartreeFock state has its own shape, so the shape will change by this process. %'e illustrate the model in Fig. 1 
The quantity P = P(P, t) is the probability density function for the quadrupole distortion P at time t.
In the remainder of this paper we shall try to estimate T is related to an excitation energy above a cold Fermi sphere by E,"= xT [10] . Thus, a temperature of 2.5
MeV is equivalent to an excitation energy of nearly 8 MeV, and by Eq. (3) we expect the particle to have a decay rate of about 3 -4 MeV.
We have two arguments to relate the single-particle width to the decay rate of the multiparticle-multihole configuration.
The first argument compares the final state phase space of the single-particle decay to that of the states in a thermal ensemble. The particle decays to two-particle -one-hole configurations whose level density is given by
where dn/dc is the single-particle level density of neutrons or protons. We assume here that the main interaction responsible for the damping is the neutron-proton interaction. The corresponding level density from a thermal ensemble may be calculated from the integral (6) Q=) (2z; -z; -y;)
The identical-particle interaction will of course also contribute to the diffusion. It is in fact the pairing interaction that is mainly responsible for nuclear shape dynamics at very low excitations. However, due to the nature of the nuclear force, the identical-particle interaction should be much less important for the process we are considering. The important interaction for off-diagonal matrix elements is in the nucleon-nucleon s-wave channel. By the Pauli principle, nn or pp pairs with parallel spins cannot be in relative s states, and so the contribution from identical-particle pairs is reduced by a factor of 2. In addition, as we shall see in the next section, the strength of the identical-particle interaction is also smaller. Core polarization increases this moment by roughly a factor of 2 and the mean-square dispersion by a factor of 4. We relate this to the dispersion in deformation parameters P using the relation for near-spherical shapes,
where we have included a factor of 4 for the number of orbitals and another factor of 4 for the core polarization enhancement.
In the last part of the equation we took Tuu = 41/A~and Ro --1.2A~~s fm Multipl. ying this dispersion by the width, the diffusion coefficient is then given by
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Any hA~~z (8) with E = m'T. Returning to our numerical example of Ge, the diffusion coefficient is estimated as Dp(A = 76, T = 2.5 MeV) = 28 keV/h (9) its matrix element in an oscillator state with quantum numbers (n~, ns, n, ) and oscillator frequency ur is given by h (Q, p) = ) (2n"-n; -n";) 
for protons (neutrons). Here (I ))v is the expectation value of l in the corresponding major oscillator shell. Table I lists the values of K and p used in our calculation.
The Hamiltonian is diagonalized in the deformed harmonic oscillator basis~n s), where n = (n, nz, n, ) are the harmonic oscillator quantum numbers along the three I where ap is t, he annihilation operator for the orbit k.
We next calculate the matrix elements appearing in Eq. (2). The neutron-proton interaction must be treated separately from the identical-particle interaction because of the antisymmetrization.
In both cases the matrix element can be written
k lmn where v, = v"&, v"" is the neutron-proton or identical-particle interaction strength. (For simplicity, we have not explicitly written the spin dependence of the residual interaction; it will be discussed shortly. ) Since the initial and anal states have different deformations, the self-consistent single-particle wave functions are not the same, and we distinguish with a prime the Fock operators and wave functions in the two bases. Equation (ll) neglects the imperfect overlap between spectator particles. It turns out that the deformation changes are small enough so that the difference between primed and unprimed orbitals can be neglected in the above equation.
The term following the bracket in Eq. (11) [14] . The spin structure of the matrix element, contained in the factor S, depends on whether rn and n (or k and I) are orbits of identical particles. We assume no spin dependence in the neutronproton interaction, and pure singlet interaction between identical particles. Then S is given by We also need to calculate the change in quadrupole q = ) np(k(Q(k) (12) where the ny are the occupation numbers for the orbitals.
The oscillator frequencies should of course be adjusted to minimize the total energy of the configuration. Instead of this, we change the oscillator frequencies to make the expectation the quadrupole part of the momentum tensor vanish: P& ny (k~IC q~k ) = 0, where
and Kq There is no equivalent property in nuclear structure that depends sensitively on the oR'-diagonal np interaction. The spectra of np states in odd-odd nuclei of course depends on the interaction, and these spectra have been used to extract empirical np interactions [17] . The volume integral of the np interaction in this reference has a value 900 MeV fm, which seems too large for our matrix elements. These interactions have long-range components which would not contribute significantly to the off-diagonal matrix elements, but which affect the total volume integral. Another study compared b function interactions with and without a long-range monopole term to fit energy levels in the sd shell [18] . The [19] .
The effective Hamiltonian is well understood for light nuclei, where essentially all of the structure can be interpreted with a Hamiltonian space that incorporates the entire major shell [20] . We v""= 340 MeV fm . We are fairly confident about the identical particle interaction, but would place at least 25% uncertainty on the strength of the np interaction.
In the end, the strongest basis for estimating the diffusion coefficient will be from the ratio Dp/I', using other estimates (or measurements) of I' to infer Dp. [9] . It is likely that the interaction strength is somewhat high in compensation. In any case, the agreement here allows us with reasonable confidence to use the same interaction strength for the difFusion coe%cient.
We now examine the distribution of widths of the states within the ensemble. Figure 3 shows the widths of the states as a function of their excitation and Fig. 4 shows the average width in the ensemble. The width obviously increases with excitation energy, but the scatter is too large to ascertain the precise dependence on E,". We next examine the distribution in quadrupole moment change and energy change of the transitions. This is displayed in Fig. 8 a deformation change of EP 0.1. The distribution in energy change should be uniform if the results are to be independent of the averaging interval LE~. This also seems to be reasonably satisfied (see Fig. 9 ).
At this point we should emphasize that our Nilsson calculation is performed at a fixed deformation value. Thus when a transition that changes the quadrupole moment occurs the new state will no longer be in equilibrium at that deformation. Hence we expect the quadrupole part of the kinetic energy, Itq of Eq. (13) to be greater for larger Aq; Fig. 10 demonstrates this clearly. In fact it is possible to find at which deformation the new configuration is in equilibrium by varying P until ICq vanishes; we have found that the corresponding change in quadrupole moment coincides with the prediction of Eq. (12) .
We next examine the dependence of I' and Dp on the nuclear size. From Table III [20] , and the average was obtained from the lowest 100 states out of about 1000 total. Both the width and the diffusion constant are seen to scale from the heavier nuclei as expected. The ratio of diffusion coefficient to width has a value 0.010, to be compared with the estirnate 0.015 from Eq. (7). (16) where n is some deformation coordinate, M is the inertial mass associated with that coordinate, and I" is a generalized force. Once one has the friction coefficient y, the diffusive dynamics can be included by adding a' Langevin force to I". The resulting Langevin equation is used in Ref. [4] .
An equivalent formulation is with the Fokker-Planck equation, which describes the evolution of the phasespace probability distribution for the collective coordinate. In the overdamped limit the probability distribution P(n, t) satisfies the Smoluchowski equation [23] We now consider the model of Noerenberg [7] . He derives a formula for the friction coefficient; using the P deformation variable the formula is g = 3AcFq&&, /Sn'.
Here p« is a local equilibration time which he estimates to be 0.5 x 10 s at T = 2.5 MeV. We apply this to Er using the Einstein relation and find a diffusion coefficient in good agreement with our own calculation, as may be seen in Table V . In [26] (17) [24] , but with T in the Einstein relation given by T i(E, n) = p iBp(E, n)/BE. Thus There is also information about the friction coefficient from the energy dissipation as the fissioning nucleus moves from the saddle point to scission [30] . In Ref. [25] , the extracted friction coefficient has a value g = 30h in our units, which is well within the bound obtained from the prescission neutron data. However, the diffusion time scale plays no direct role in the energy dissipation past the saddle point, and without a definite temperature it is not clear how to relate this information to the diffusion coefficient.
The analysis of the shape of the giant dipole in hot nuclei in Ref. [31] found that dynamic shape fluctuations were not required to fit the data for the nucleus for rareearth nuclei such as Er. From Ref. [4] , this implies that the friction parameter y is greater than about 50h. On the other hand, the data on tin nuclei favored a motional narrowing efFect with y 30h. Here the temperature of the system was about 2 MeV, which corresponds to a diffusion coefIicient which is once again a factor of 10 larger than our estimate.
V. CONCLUSION
We see that our model seems to make nuclei less Huid than the available experiments indicate. We believe that our treatment of the diffusion due to two-body interactions is done well enough so that one must find another mechanism to explain the data.
In looking for a way out of this quandry, one possibility is that the dominant diffusion mechanism could occur entirely by single-particle motion, i.e. , within mean-field theory ignoring the residual interaction. Note that the sd-shell calculation given in Table II showed that the one-body Hamiltonian produced a larger diffusion coefficient than the two-body interaction. At low excitation the mean-field configurations seem to be rather frozen, but it is not clear what would happen at higher energy when artificial symmetry constraints are dropped from the time-dependent mean-field calculations. It would be interesting to follow an ensemble of highly excited configurations within the time-dependent theory to answer this question.
We should remember also that the analyses of the experiments depended on the existence of a linear frictional dissipation. This is by no means obvious, and it has been suggested that a cubic friction force might be better justified [8] . In this case the fluctuation-dissipation theorem gives a diffusion coefIicient which would increase as the square of the temperature, assuming the friction coefIicient to be independent of temperature. However, it is also clear from the analyses of [6, 7] that one may expect a linear friction with a quadratic temperature dependence.
It should be possible to reanalyze the fission data on prescission neutrons entirely in terms of a diffusive process, thus avoiding the uncertainties of connecting the coefficients to friction. It might be worthwhile to do this to confirm that the difFusion is indeed faster than the two-body mechanism allows. the H"are Hermite polynomials, and the b are the oscillator lengths. These integrals are of interest because we are using a harmonic oscillator basis for the Nilsson calculation and our residual interaction is a two-body 6 I function. We use the fact that the Hermite polynomials can be expressed in terms of a generating function [32] : 
